Cyclin-dependent kinases (CDKs) are central cellular regulators that are involved in cell proliferation (46) , as well as other processes, e.g., regulation of transcription via the phosphorylation of RNA polymerase II (7) . CDKs are activated by binding of an ancillary subunit, the cyclin (32, 44) . The cyclins also participate in targeting the kinase to specific substrates (28, 55, 65 ; reviewed in reference 43). Cyclins were so named because of their cyclic appearance and disappearance from the cells, in correlation with cell cycle progression (16) . Their rapid and coordinated disappearance depends on the ubiquitin system, with the anaphase-promoting complex/cyclosome ubiquitin ligase being responsible for targeting mitotic cyclins, and SCF-type ubiquitin ligases often being involved in the degradation of G1 cyclins (68) . However, not all cyclins are directly involved in cell cycle regulation, and not all cyclins are unstable. Common to all cyclins is that they possess a region of moderate sequence conservation, the cyclin box. The cyclin box was shown to assume a typical five-helix structure (8, 32) , with helix 5 contacting the CDK near its catalytic site and helix 1 facing away from the CDK (32) .
The yeast CDK Pho85, a regulator of cell morphogenesis and of several metabolic pathways, is structurally and functionally related to the mammalian kinase CDK5 (29, 48) . Of 10 Pho85 cyclin (Pcl) paralogs identified in yeast (40) , many were associated with the phosphorylation of specific target proteins (reviewed in references 10 and 27) . The role of the cyclin in target selectivity is further underscored by the observation that even the specificity of Pcl orthologs can coevolve with their protein target (19) .
The Pcl Pho80 is required for the phosphorylation of the transcription factor Pho4 by Pho85 (34) . The recently obtained crystal structure of the Pho85/Pho80 complex indicated that Pho80 is structurally distinct from other cyclins, and more similar in structure to p35, an activator of CDK5 that shows very limited sequence homology to other cyclins (30) . Unlike the typical double cyclin box configuration of most cyclins, Pho80, like p35, contains a single core 5 ␣-helix cyclin box domain, with one additional ␣-helix N-terminal and two additional ␣-helices C-terminal to the core structure (30, 60) .
A distinct Pho85 cyclin, Pcl5, is required for phosphorylation of the bZIP transcription factor Gcn4 by Pho85 (41, 56) . Gcn4 was initially characterized as being involved in the pathways of biosynthesis of amino acids and purine samples (23, 25) and more recently was shown to regulate a significant proportion of the yeast genes (47) . Under standard growth conditions Gcn4 is degraded very rapidly, but it is stabilized under conditions of amino acid limitation or of partial inhibition of protein synthesis (37, 41) . Degradation of Gcn4 depends on its phosphorylation at a specific residue, Thr165, by Pho85/Pcl5 (41) , which leads to its ubiquitination by the ubiquitin-conjugating enzyme Cdc34 (37) in conjunction with the ubiquitin ligase SCF CDC4 (11, 41) .
Cyclins themselves are often rapidly degraded via the ubiquitin-proteasome system (68) . Pcls appear to fall into two classes: one of stable cyclins (t 1/2 Ͼ 10 min: e.g., Pcl6, Pcl7, Pcl8, and Pho80) and one of unstable cyclins (t 1/2 Ͻ 5 min: e.g., Pcl1, Pcl2, and Pcl5) (3, 56; our unpublished results). With regard to Pcl5, it was hypothesized that its extremely short half-life-on the order of 2 to 3 min under both sated and amino acid starvation conditions-may be intimately linked to its regulatory role in amino acid biosynthesis and may explain the starvation-dependent regulation of Gcn4 degradation (56) : under conditions of starvation or reduced protein synthesis, Pcl5 degradation would not be balanced by new protein synthesis, causing it to rapidly disappear from the cells, thereby leading to Gcn4 stabilization.
To test this notion, we set out here to characterize the mechanism of Pcl5 degradation. Since, in contrast to other types of cyclins, nothing is known about the degradation pathway of the unstable Pcls, we adopted an approach based on the construction of hybrids between Pcl5 and the stable Pcl Pho80. The hybrid cyclins enabled us to circumscribe the substrate specificity region of Pcl5 to the central cyclin box domain and to identify two distinct degradation signals, within the C-and N-terminal domains of Pcl5. The C-terminal degradation signal (CDS) functions independently of the rest of the protein, whereas the N-terminal degradation signal (NDS) requires phosphorylation in cis by the bound Pho85 molecule, making it highly dependent on Pcl5/Pho85 activity and on protein levels. The characterization of the Pcl5 degradation signals enabled us to construct a stabilized Pcl5 mutant, allowing us to test the role of rapid Pcl5 turnover in the regulation of Gcn4 degradation and in the cellular response to amino acid starvation.
MATERIALS AND METHODS
Saccharomyces cerevisiae strains and growth conditions. All experiments were performed with S. cerevisiae strain W303 (R. Rothstein) or BY4741 (EURO-SCARF). Strains KY546 (pho85⌬) and KY827 (pcl5⌬) were described previously (41, 56) . Strain KY1114 is BY4741 pho85⌬::Kan r (EUROSCARF). Strain KY1137 was constructed by integrating the Myc 13 Kan r cassette (39) to the 3Ј end of the PCL5 open reading frame of W303. KY1185 is KY1137 pho85⌬::LEU2 (PHO85 disrupted with a pho85⌬::LEU2 cassette provided by B. Andrews). The W303 cdc53-1, cdc34-2 and cdc4-1 mutant strains were provided by M. Tyers, and the grr1⌬ strain and other F-box protein deletion strains were obtained from EUROSCARF.
The strains were grown in standard yeast extract-peptone-dextrose (YPD; 1% yeast extract, 2% peptone, 2% dextrose) and complete yeast nitrogen base (YNB; 1.5 g of yeast nitrogen base/liter, 5 g of ammonium sulfate/liter, 2% dextrose or galactose, 0.1 g of each amino acid, uracil and adenine/liter, with the appropriate amino acids removed as required for plasmid selection) media.
Plasmid constructions. The plasmids used in the present study are listed in Table 1 . KB1030 was constructed in two steps: first, the EcoRI-XhoI Gcn4(62-202)-Myc 3 fragment of KB891 (41) was cloned into p416GALL (45) ; then, the EcoRI-XbaI Gcn4(62-202) fragment of the resulting plasmid was replaced with a PCL5 PCR fragment. KB1298 to KB1301, KB1324, and KB1360 were constructed by ligating or fusing PCR fragments that were then cloned as BamHIXhoI fragments into p416-GAL1 (45) . KB1298 carries PCL5 nucleotide coordinates 1 to 534 and PHO80 coordinates 508 to 882 with a SacI site at the interface. KB1299 carries PCL5 (coordinates 1 to 309) and PHO80 (coordinates 301 to 882) with a ClaI site at the interface. KB1300 carries PHO80 (coordinates 1 to 309) and PCL5 (coordinates 316 to 690) with a ClaI site at the interface. KB1301 carries PHO80 (coordinates 1 to 504) and PCL5 (coordinates 535 to 690) with a SacI site at the interface. KB1324 carries PHO80 (coordinates 1 to 219) PCL5 (coordinates 235 to 690) (P5/P2) spliced together with a bridging oligonucleotide. KB1360 was obtained by ligating PHO80 (coordinates 1 to 219) PCL5 (coordinates 235 to 528) amplified from KB1324, to PHO80 (coordinates 508 to 882), with a SacI site at the interface. KB1595 consists of pRS313 carrying the PCL5 promoter, coordinates Ϫ890 to Ϫ3, as a HindIII-XbaI fragment fused to the Pho80-Pcl5-Pho80 hybrid of KB1360 amplified as an SpeI-XhoI fragment. KB1169, KB1338, KB1339, and KB1348 were built by fusion of PCR fragments carrying the indicated regions of Pcl5 (Table 1) downstream of the URA3 gene of pOC9 (20) . KB1716 and KB1718 were constructed by fusing the promoter region of PCL5 from position Ϫ884, to the open reading frame (either wild type or T32A) from position 15, introducing an artificial XbaI site and changing residue 5 of Pcl5 from His to Leu. The fused fragment was cloned into pRS313 (57) . KB1222 and KB1236 were generated by site-directed mutagenesis of the PCL5 gene of KB1093. KB1448 was generated by introducing CUP1::PCL5 SacI-XhoI from KB1269 into pRS313 (57) . KB1604 was generated by fusing the PCL5 T32A PCR fragment of KB1222 using MfeI-XhoI into KB1591 (pRS313 inserted with CUP1 SacI-RI)-cut RI-XhoI. KB1739 and KB1741 carry the PCL5 and PCL5 T32A alleles fused to Myc 13 , using a BamHI site found at the 5Ј end of the Myc 13 cassette (39) , and a primer to introduce a BamHI site at the 3Ј end of the PCL5 open reading frame. KB1740 was isolated as a spontaneous mutant in the course of constructing KB1739. KB1108 was constructed by introducing (45) . KB1876 and KB1878 were constructed by cloning, respectively PCL5, PCL5 T32A, and PCL5 L158P as BamHI-XhoI PCR fragments in-frame to the glutathione S-transferase (GST) sequence of plasmid pGEX-4T-1 (Pharmacia). KB1931-2 were constructed by cloning BglII-XhoI PCL5-Myc 13 PCR fragments amplified from KB1739 and KB1741, respectively, into p414GAL1 (45) . Protein degradation analysis. Pulse-chase protein degradation analysis was performed as described previously (36) . Briefly, cells (10 ml) were grown in synthetic dropout medium to an optical density at 600 nm (OD 600 ) of 0.7 to 1.0, spun down, washed once in the same medium lacking methionine and cysteine, resuspended in 0.3 ml of the same medium containing [
35 S]methionine-cysteine (Express; NEN), and incubated for 5 min at 30°C. Cells were then spun down and resuspended in 2.5 ml of synthetic complete medium containing 10 mM concentrations (each) of methionine and cysteine. At the indicated times, an aliquot was removed, treated with NaOH (0.25 M) and ␤-mercaptoethanol (1%), incubated for 10 min on ice, and then precipitated with 7% trichloroacetic acid. The protein pellet was washed with acetone and resolubilized in 2.5% sodium dodecyl sulfate, and the target protein was immunoprecipitated from this extract using a polyclonal anti-Gcn4 (41) or anti-Pcl5 (56) antisera. To induce amino acid starvation, cells were harvested by centrifugation and grown in YNB plus adenine and uracil for 1 h before labeling and then chased in the same medium plus methionine and cysteine.
Alternatively, protein stability was assayed by monitoring the levels of specific proteins by Western blotting, after arrest of protein synthesis by addition of the protein synthesis inhibitor cycloheximide (20 g/ml) to the medium.
Enzyme assays. (i) Acid phosphatase assay. Pho80 function was tested by measuring secreted phosphatase activity in the various strains. Under phosphatereplete conditions, Pho80 normally suppresses the expression of PHO5, the secreted acid phosphatase gene. In the absence of Pho80 activity, acid phosphatase activity in the medium increases. The assay protocol was based on a previously published study (62) . Strain DY4659 (pho80) was transformed with the indicated plasmids and grown on galactose in synthetic dropout medium to late log phase. Cells from 1 ml of culture were pelleted and resuspended in 50 mM acetate buffer (pH 4.0), and 0.1 ml of p-nitrophenylphosphate (6.4 mg/ml) was added to the cell suspension. The reaction was carried out at 35°C until the appearance of the yellow color of the released p-nitrophenol and stopped by the addition of 0.5 ml of saturated Na 2 CO 3 . Activity units were determined as follows: (the OD 420 of the reaction supernatant ϫ 1,000)/(the OD 600 of the cell suspension ϫ the reaction time in minutes).
(ii) In vitro kinase assay. In vitro kinase assays were performed as described previously (41) . Briefly, recombinant GST-Pho85 (49), GST-Pcl5 (wild type, T32A, and L158P; expressed from plasmids KB1876, KB1877, and KB1878, respectively), 10 ng (each), and 20 ng of GST-Gcn4 (expressed from KB430) (37) or 1 g of myelin basic protein (Sigma) were mixed in a 10-l final volume, with 1 Ci of [␥-32 P]ATP and 0.02 mM cold ATP. Reaction were incubated 15 min at 30°C. Pcl5 self-phosphorylation was carried out similarly, except that 1 M cold ATP was used.
Growth tests. Yeast strains were precultured to the same optical densities (OD 600 ϭ 1) and spotted onto appropriate YNB media, supplemented as indicated in the figure legends. Fivefold dilutions, starting with 3 ϫ 10 4 cells per 20 l, were spotted onto the plates, incubated for 3 days at 30°C, and photographed under white light.
Pcl5 structure modeling. In order to find a homologue with a known thredimensional structure, the Protein Data Bank (PDB) (4) was searched by using the Pcl5 sequence as a query. BLAST (1) did not yield any significant hit (data not shown); however, the HHpred tool for homology detection (59) did return several PDB entries with significant homology along the 82-182 region of the Pcl5 sequence, which includes the conserved 100 long region known as the cyclin domain or cyclin box, and only one single significant alignment that also included part of the N-terminal region (e-value 4.5e-38, sequence identity ϭ 17%), namely, with the S. cerevisiae Pho80 cyclin (PDB code 2pmi, chain B), a known paralog of Pcl5, the structure of which was recently determined as part of the Pho85-Pho80 CDK-cyclin complex (30) . The original automatic alignment provided by HHpred was manually corrected to allow a more accurate modeling, thus yielding a final sequence identity of 23.5% (see Fig. 1A ).
To build a model structure of the Pcl5 cyclin, the MODELLER software v9.2 (15) was fed with the curated Pcl5-Pho80 alignment and the template Pho80 structure. Of the 20 Pcl5 models initially generated, the one with the lowest MODELLER objective function was chosen. Then, this best model was structurally aligned with its template (PDB 2pmi, chain B), using the MatchMaker software (42) available through the Chimera package (53) . This model is depicted in complex with the Pho85 CDK structure in Fig. 9 . Disordered domains and hinge regions were predicted by using the metaPrDos (31) and HingeMaster (17) servers, respectively.
RESULTS
Mapping of the substrate recognition site on Pcl5. In order to distinguish between regions of Pcl5 involved in specificity for its substrate, Gcn4, and regions required for degradation of Pcl5, we constructed hybrids of Pcl5 with Pho80. Pho80 recognizes a distinct substrate, Pho4 (24, 34) , and, unlike Pcl5, it is largely stable (3) (see also Fig. 2 ). In order to align to protein sequences toward hybrid construction, the position of the cyclin box and of its individual helices was initially predicted from alignment of the protein sequences along with that of the sequence of cyclin A, the structure of which is known (8) , as well as from secondary structure predictions using the PSIPRED method (33) . The two methods yielded very similar predictions regarding the positions of the core cyclin box and its five helices. The cyclin box of Pcl5 was predicted to extend from positions 79 to 178 and that of Pho80 from positions 74 to 169. The recently published crystal structure of the Pho80-Pho85 complex (30) shows that the core cyclin box extends between residues 76 and 165, indicating that, at least for Pho80, the prediction was quite accurate. Figure 1A gives an alignment of the central regions of Pcl5 and Pho80, including the cyclin box and part of the N-terminal and C-terminal regions. The two proteins were spliced before predicted helix 1, within helix 2, or after helix 5 of the cyclin box (Fig. 1A) . Pho80 activity was monitored by measuring the activity of secreted acid phosphatase, which is normally repressed in the presence of active Pho80 (67) . As is shown in Table 2 , none of the hybrid proteins were able to significantly suppress acid phosphatase secretion, i.e., carried Pho80 activity. Pcl5 activity was monitored by the ability of the hybrid cyclins to induce Gcn4 degradation and to suppress Gcn4 overexpression toxicity (41, 56) (high overexpression of GCN4 inhibits cellular growth, possibly by the interference of Gcn4 with other transcriptional activation pathways [61] ). Hybrids that contain the full cyclin box of Pcl5 with, in addition, either its C terminus or its N terminus (KB1298 and KB1324), as well as a hybrid carrying only the predicted cyclin box of Pcl5, but the C and N termini of Pho80 (KB1360), were able to suppress the toxicity of Gcn4 overexpression ( Fig. 1B ; summarized in Table 2 ). Since Pcl5 was shown to function in the pathway of Gcn4 degradation via the SCF CDC4 ubiquitination complex (41, 56) , the ability of the hybrid cyclins to promote Gcn4 degradation was also assayed by pulse-chase analysis. The Gcn4 band remaining at 0, 5, and 15 min after the chase was quantitated. As can be seen in Fig.  1C , the same hybrids that were able to suppress Gcn4 toxicity were also active in the Gcn4 degradation pathway. This strongly suggests that the substrate specificity of Pcl5 is encoded within its core, 5-helix cyclin box domain. To further identify the region of the cyclin box responsible for substrate recognition, we also tested hybrids that only contain predicted helix 1 and half of helix 2, or helices 2 to 5, of Pcl5 (KB1299 and KB1300, respectively). However, these hybrid proteins were inactive, suggesting either that more than one helix is involved in substrate recognition or that the structure of the protein was disrupted in these constructs.
The Pho80 structure includes, in addition to the core 5-helix cyclin box, two extra C-terminal ␣-helices and one extra Nterminal ␣-helix (␣NT), the latter extending between residues 34 and 50 of Pho80 (30) . Secondary structure prediction (33) indicated the presence of a similar extended ␣ helix in Pcl5 between residues 41 and 64, of which residues 52 to 62 may align with the Pho80 ␣NT. The active Pho80/Pcl5 hybrids carry the 5-helix cyclin box of Pcl5, but the ␣NT helix region of Pho80 instead of the corresponding region of Pcl5. We tested whether this region of Pcl5 is at all important for activity by (59) and manually curated. The position of the helices of the cyclin box (␣1 to ␣5) and of the ␣NT and the start of the ␣CT1 helix are based on the Pho80 crystal structure (30) . The position of the fusions that generated the Pcl hybrids are indicated with the number of the corresponding plasmids. Plasmid KB1301 is the exact reverse of KB1298. (B) The pcl5⌬ strain KY827 carrying plasmid KB843 (GAL1-GCN4) was transformed with the indicated hybrid cyclin-expressing plasmids. Dilutions of the cell suspensions were spotted on synthetic complete drop-out plates with galactose (inducing conditions) or glucose (repressing conditions) as indicated and photographed after 3 and 2 days, respectively, of growth at 30°C. (C) The same cultures were used to measure Gcn4 stability by pulse-chase analysis, followed by immunoprecipitation (see Materials and Methods). The Gcn4 band remaining at each time point was quantitated with a phosphorimager. (D) The pcl5⌬ strain KY827 carrying plasmid KB843 (GAL1-GCN4) was transformed with full-length and N-terminal truncations of Pcl5, as indicated, expressed from plasmids KB1093, KB1773, and KB1774. Dilutions of the cell suspensions were spotted and grown as for panel B. On the left, a schematic representation of the Pcl5 sequence, with the position of the predicted ␣-helices according to panel A. (E) The natively expressed Pho80-Pcl5-Pho80 hybrid induces Gcn4 degradation. A pcl5⌬ strain expressing GCN4 from the GAL1 promoter of plasmid KB161 (37) was cotransformed with either a vector plasmid, a plasmid (KB1594) carrying the wild-type PCL5 gene, or plasmid KB1595, expressing the Pho80-Pcl5-Pho80 hybrid from the PCL5 promoter, as indicated. Gcn4 degradation was followed by pulse-chase analysis. C, no-tag control. (F) The natively expressed Pho80-Pcl5-Pho80 hybrid suppresses toxicity of Gcn4 overexpression. The same strains analyzed in panel E were grown and tested for Gcn4 overexpression toxicity as described in panel B.
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on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ constructing two N-terminal truncations: one starting at position 41 and one at position 71 of the Pcl5 sequence. Both truncations were placed under the GAL1 promoter and were tested for their ability to suppress Gcn4 overexpression toxicity as described above. The results shown in Fig. 1D indicate that, whereas the truncation starting at position 41 was as active as the full-length protein, if not more so, the truncation starting at position 71 was completely inactive, suggesting that the region of Pcl5 corresponding to the Pho80 ␣NT helix is essential for activity but can be replaced by the homologous Pho80 region.
In the activity assays with the hybrid cyclins shown above, the proteins were overexpressed under the strong GAL1 promoter, raising the concern that the active Pcl hybrids are in fact only able to complement Pcl5 activity because of their artificially high levels. To eliminate this possibility, the most informative hybrid, containing the N and C termini of Pho80 and the cyclin box of Pcl5, or Pcl80-5-80 (plasmid KB1360), was cloned under the natural PCL5 promoter. This construct was able to complement the pcl5⌬ mutant for Gcn4 degradation (Fig. 1E) . Quantitation of this experiment showed that both Pcl5 and the 80-5-80 hybrid induced Gcn4 degradation with a half-life of about 4 min compared to a more than 20-min half-life for Gcn4 in the pcl5⌬ mutant (56) . Furthermore, based on the Gcn4 toxicity overexpression assay, this hybrid appeared to be at least as active as native PCL5 (Fig. 1F) . These data indicate that the specific activity of Pcl5 toward Gcn4 can be fully accounted for by the core cyclin box domain only.
Mapping of the degradation signal on Pcl5. Pcl5 is rapidly degraded, with a half-life of Ͻ3 min (56) . Since degradation signals are often cis dominant, i.e., will confer degradation when fused to a normally stable protein, and since we found that the Pho80 cyclin is stable (Fig. 2) , we took advantage of the Pcl5/Pho80 hybrids to attempt to locate the Pcl5 degradation signal(s). The stability of the various Pcl5/Pho80 hybrids was assayed by pulse-chase analysis of the hybrid cyclins overexpressed from the GAL1 promoter. As shown in Fig. 2 , both the N-terminal and the C-terminal domains of Pcl5 were individually able to confer degradation to the stable Pho80 cyclin, indicating the presence of two degradation signals in Pcl5, one in each of these two domains. Conversely, KB1360-the Pcl80-5-80 hybrid protein-was stable, suggesting that the cyclin box domain of Pcl5 does not carry a degradation signal. Half-lives of the hybrid proteins indicate that the C-terminal signal alone is able to account for most of the degradation of Pcl5 (plasmids KB1300, KB1301, and KB1324), whereas the N-terminal domain alone causes the hybrid proteins to be degraded with half-lives of 10 to 15 min (plasmids KB1298 and KB1299), i.e., significantly shorter than that of Pho80, but not as short as that of native Pcl5. 
a Summary of the activities and stabilities of the various Pcl5/Pho80 hybrids expressed from the GAL1 promoter of the indicated plasmids. Suppression of Gcn4 toxicity is shown in Fig. 1B . The half-life of Gcn4 is derived from the decay curves shown in Fig. 1C . Cyclin half-lives are derived from the decay curves shown in Fig.  2 . Acid phosphatase activity was measured as described in Materials and Methods. †, the Pho80 half-life was measured using the HA-Pho80 construct of plasmid EB0092 rather than the untagged Pho80 of plasmid KB1331. NA, not applicable.
FIG. 2.
Stability of Pcl5/Pho80 hybrid cyclins. The stability of the various hybrids, expressed from the inducible GAL1 promoter, was measured by pulse-chase analysis using a polyclonal anti-Pcl5 antiserum, except for Pho80, for which a hemagglutinin (HA)-tagged version was followed using the anti-HA monoclonal antibody. The structure of the hybrid cyclins is shown schematically. See Table 1 for the precise coordinates of the cyclin fragments in each hybrid.
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Analysis of the CDS.
To test whether the CDS of Pcl5 can function as a portable degradation signal, independently of a cyclin box domain, full-length and progressively shorter Cterminal fragments were fused to the normally stable Ura3 protein. Ura3 activity, as monitored by the ability to complement the growth of a ura3⌬ strain in the absence of uracil, was abolished when the whole PCL5 coding sequence was fused C terminally to the URA3 coding sequence. Progressively shorter C-terminal fragments of Pcl5 lead to intermediate growth phenotypes on uracil-depleted plates (Fig. 3B) . The stability of these proteins, as monitored by pulse-chase analysis, revealed that the half-lives of the fusion proteins correlated with URA3 activity (Fig. 3A) : Ura3-Pcl5 full-length had the shortest halflife (2.5 min, similar to native Pcl5), whereas the C-terminal 50 amino acids alone led to the protein being degraded with a 5-min half-life, and the last 25 amino acids of Pcl5 alone caused degradation of Pcl5 with a half-life of 15 to 20 min. Ura3 by itself did not display any measurable decay (t 1/2 Ͼ 30 min).
These data indicate that the C-terminal 50 amino acids of Pcl5 can function as a degradation signal independently of the rest of the protein. To further characterize this degradation signal, we added a sequence (the Myc 3 epitope) to the C terminus of Pcl5 and followed its degradation. Adding a Cterminal epitope tag to Pcl5 expressed under the GAL1 promoter led to strong stabilization of the protein (Fig. 3C) compared to the untagged protein (Fig. 2) . This result suggests that in order to be effective, the CDS requires a free carboxy terminus.
Analysis of the NDS in overexpressed Pcl5. Since many degradation signals depend on phosphorylation of the protein, we examined the Pcl5 sequence for potential phosphorylation targets. The Pcl5 sequence contains three potential CDK target sites (S/T-P) at positions 8, 32, and 202, of which one, Thr32, is embedded within a Pho85 consensus sequence (TPPL) (Fig. 4A) . The threonine residues at these three potential phosphorylation sites were mutated to alanine, individually and in combination. As shown in Fig. 4B , both the triple mutant and the T32A mutant alone showed a moderate extension of the half-life of the protein, from 2.5 to 3 min to 4 min. This weak stabilization was reproduced in several independent experiments. The T8A and T202A mutants, individually or in combination, did not affect Pcl5 stability (data not shown). Since the sequence surrounding Thr32 corresponds to a typical Pho85 consensus sequence, we tested whether Pcl5 degradation depends on Pho85. However, a pulse-chase experiment of Pcl5 expressed from the CUP1 promoter indicated only marginal stabilization of Pcl5 in the pho85⌬ strain compared to the wild type (data not shown).
Analysis of Pcl5 NDS at native levels of expression. In the experiments shown above, Pcl5 was overexpressed from strong heterologous promoters. We were concerned that if degradation of Pcl5 via the NDS depends on complex formation with Pho85, then overexpression of Pcl5 might interfere with this degradation pathway by increasing the ratio of uncomplexed versus complexed Pcl5. Pcl5 protein levels are normally very low, probably due to the presence in the PCL5 mRNA of an extended 5Ј untranslated region containing two short open reading frames (S. Aviram, T. Holtzman, and D. Kornitzer, unpublished results). In order to be able to consistently monitor Pcl5 expressed at physiological levels from its native promoter and at the same time to dissociate degradation due to the CDS from N-terminus-dependent degradation, a Myc 13 tag was integrated at the 3Ј end of the chromosomal PCL5 copy, thereby disabling the CDS, and Pcl5-Myc 13 levels were monitored by immunoblotting. Comparison of the signal of the Pcl5-Myc 13 construct with that of Pcl1-Myc 13 indicated that the former is some 2 orders of magnitude lower (data not shown), i.e., on the order of 10 molecules/cell, based on the calculated cellular amount of Pcl1 (18) . Upon addition of the protein synthesis inhibitor cycloheximide, the Pcl5-Myc 13 protein rapidly disappeared, indicating that at native expression levels, Pcl5 is rapidly degraded even when the C terminus of the protein is blocked with an epitope tag (Fig. 4C) . We next tested the effect of the T32A mutation on the levels and stability of natively expressed Pcl5. Wild-type and T32A-mutated Myc 13 -
FIG. 3. CDS of Pcl5. (A) Full-length or N-terminal deletions of
Pcl5 were fused to the C terminus of Ura3, as indicated, and expressed from the CUP1 promoter of plasmids KB1169, KB1338, KB1339, and KB1348, respectively. Degradation of the fusion proteins was measured by pulse-chase followed by immunoprecipitation, using an HA tag located at the C terminus of the Ura3 fragment. (B) The fusion proteins used in panel A were tested for their ability to complement the Ura Ϫ phenotype of the host strain by monitoring growth on synthetic complete plates lacking uracil for 2 days at 30°C. (C) Pcl5 tagged at the C terminus with a Myc 3 tag was expressed from the GAL1 promoter of plasmid KB1030. The stability of the protein was monitored by pulse-chase analysis followed by immunoprecipitation with an anti-Myc antibody. C, no-tag control.
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on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ tagged PCL5 were expressed from their native promoters on a centromeric plasmid in a wild-type background. As shown in Fig. 4D , the T32A mutation greatly increased the steady-state levels of the protein and, in contrast to the minor stabilization that the T32A mutation caused with the overexpressed protein, translation inhibition with cycloheximide indicated that the mutant protein expressed from its native promoter was completely stabilized. When natively expressed, the T32A mutant was also significantly more active than the wild type in suppressing Gcn4 overexpression toxicity, as shown in Fig. 4E . The requirement of Pho85 for degradation of natively expressed Pcl5 was tested by epitope tagging the chromosomal copy of PCL5 in the pho85⌬ background. As shown in Fig. 4F , the steady-state levels of Pcl5-Myc 13 were greatly elevated in the pho85⌬ mutant versus the wild-type background, and translation inhibition with cycloheximide showed that Pcl5-Myc 13 is largely stable in the absence of Pho85.
Thr32-dependent degradation of overexpressed Pcl5 can be recovered by co-overexpression of Pho85. C-terminal tagging of Pcl5 with Myc 3 prevented degradation of the protein when overexpressed, probably by inhibiting the CDS (Fig. 3C) . In contrast, C-terminal tagging of the natively expressed Pcl5 with Myc 13 did not prevent degradation (Fig. 4C) . We first confirmed that this discrepancy does not represent a peculiarity of the larger tag, by testing the stability of Pcl5-Myc 13 overexpressed from the GAL1 promoter. Like with Pcl5-Myc 3 tag, the C-terminally Myc 13 -tagged protein was largely stable when overexpressed (t 1/2 Ͼ 20 min; Fig. 4G ). The Pcl5 T32A -Myc 13 protein was completely stable, indicating that the residual degradation of overexpressed Pcl5-Myc 13 depended on Thr32 and confirming that C-terminal tagging inactivates the CDS.
We surmised earlier that Thr32-dependent degradation only takes place when Pcl5 is complexed with its CDK Pho85 and is therefore sensitive to the relative Pcl5-Pho85 stoichiometry. The observation that lowering Pcl5 expression to its native level allowed rapid degradation even when the CDS was inactivated by a C-terminal epitope tag (Fig. 4C) 13 . Plasmids KB1739 (wild type) and KB1741 (T32A) were used. The membrane was exposed for a shorter time than in panel C to highlight the difference in levels between the wild-type and mutant proteins. (E) The activities of wild-type PCL5 and PCL5(T32A) were compared by testing the suppression of Gcn4 overexpression toxicity. The PCL5 wild-type and mutant genes expressed from their native promoters on plasmids KB1716 and KB1718 were transformed into strain KY827 (pcl5⌬). Gcn4 was overexpressed under the GAL1 promoter of plasmid KB843. Plates were incubated for 3 days at 30°C. (F) Degradation of Myc 13 -tagged Pcl5 expressed from its native promoter requires Pho85 activity. A chromosomally tagged Pcl5 was visualized as in panel A, in strains KY1137 (wild type) and KY1185 (pho85⌬). (G) Degradation of overexpressed, C-terminally tagged Pcl5 requires Thr32 and co-overexpression of Pho85. Pcl5-Myc 13 and Pcl5 T32A -Myc 13 were overexpressed from the GAL1 promoter of plasmids KB1931 and KB1932, respectively, in the presence of either a vector plasmid or of plasmid KB823, which overexpresses a GST-Pho85 fusion from the GAL1 promoter. The strains harboring the indicated plasmids were induced in galactose for 3 h. The overexpressed Pcl5-Myc 13 protein was then monitored by Western blotting in extracts of cells treated with cycloheximide for the indicated amounts of time. The graph represents quantitation of the enhanced chemiluminescence signal of the Pcl5-Myc 13 bands, normalized for each extract against the actin signal.
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important for Thr32-dependent degradation, then, conversely, increasing the levels of the CDK should improve degradation of the overexpressed, C-terminally tagged cyclin. We tested this by overexpressing, together with the GAL1-PCL5-Myc 13 construct, an active GST-Pho85 fusion under the GAL1 promoter (49) . Strikingly, under these conditions, Pcl5-Myc 13 degradation was in large measure restored (t 1/2 Ͻ 5 min; Fig. 4G ), whereas the Pcl5 T32A -Myc 13 protein was still completely stable, confirming the importance of the CDK-cyclin stoichiometry in Thr32-dependent Pcl5 degradation. Mechanism of Pcl5 Thr32 phosphorylation. The data shown above are best explained by assuming that Pho85 is responsible for phosphorylation of Pcl5 residue Thr32. We tested this notion directly by reconstituting Thr32 phosphorylation in vitro with purified recombinant proteins. Equal amounts of recombinant GST-Pho85 and GST-Pcl5, either wild type or mutant Thr32Ala, were mixed and reacted in the presence of [␥-32 P]ATP. As shown in Fig. 5A (upper panel), a 32 P-labeled band that appeared at the position of GST-Pcl5 in the wildtype lane was almost invisible in the Pcl5 Thr32Ala mutant lane. To further ascertain that the two cyclins were otherwise equally active, their activity was tested on the generic CDK substrate myelin basic protein (MBP, lower panel).
The strong dependence of Thr32-dependent degradation on the relative levels of Pcl5 and Pho85 (Fig. 4) suggests that Pcl5 needs to be bound to Pho85 in order to be phosphorylated, i.e., that Pho85 phosphorylates the very cyclin molecule that activates it. A prediction of this model would be that the Pho85-Pcl5 complexes should be phosphorylated with 0th-order kinetics, that is, would not be dependent on concentration. If, on the other hand, the reaction were bimolecular, such that one cyclin-CDK complex phosphorylates another, the kinetics would be predicted to be of second order, i.e., to vary with the square of the concentration. We tested this by measuring the kinetics of the phosphorylation of equal amounts of recombinant Pho85 and Pcl5, diluted in increasing volumes of phosphorylation buffer. As shown in Fig. 5B , the kinetics of phosphorylation remained virtually identical across three twofold dilutions, in accord with 0th-order kinetics.
An additional prediction of the model that each Pcl5 molecule is phosphorylated by the Pho85 molecule that it activates, i.e., cis-phosphorylation, is that in vivo, an inactive cyclin mutant should be stable. We isolated a spontaneous missense mutation, Leu158Pro, between the predicted helices IV and V of the Pcl5 cyclin box. The L158P mutant is inactive, as tested by its inability to suppress Gcn4 overexpression toxicity (data not shown) and by its inability to induce Gcn4 phosphorylation by Pho85 in vitro (Fig. 6A) . When fused to the Myc 13 epitope and expressed under its native promoter, this mutant appears strongly stabilized (Fig. 6B) . We wanted to further test whether Pcl5 could be phosphorylated in trans by Pho85/Pcl5 when Pcl5 is overexpressed. We therefore co-overexpressed wild-type Pcl5 under the strong constitutive ADH1 promoter, together with Pcl5L158P-Myc 13 . As shown in Fig. 6B , even overexpression of wild-type Pcl5 did not restore degradation of the Pcl5 L158P mutant cyclin. Overexpression of Pcl5 from the GAL1 promoter similarly did not restore Pcl5 L158P-Myc 13 degradation (data not shown). Taken together, these results indicate that the NDS of Pcl5 depends on phosphorylation of residue Thr32 by the Pho85 molecule to which Pcl5 is bound. Degradation pathway of Pcl5 NDS. Since the SCF ubiquitin ligase is often involved in the degradation of phosphorylated proteins, we tested the stability of Pcl5-Myc 13 in a mutant of the cullin Cdc53, one of the constant subunits of the SCF complex (63) . Even at the semipermissive temperature of 30°C, Pcl5-Myc 13 was strongly stabilized in the cdc53-1 mutant (Fig.  7A) . Similarly, in the cdc34-2 strain, mutated in the ubiquitinconjugating enzyme that collaborates with the SCF complex for substrate ubiquitination, Pcl5-Myc 13 was strongly stabilized (Fig. 7A) . The SCF complex recognizes substrates via the Fbox protein subunit (63) . We tested Pcl5-Myc 13 degradation in 14 F-box protein deletion mutants from the EUROSCARF collection, as well as in the cdc4ts mutant. Most did not show any effect on degradation of the protein (data not shown). Only deletion of Grr1, an F-box protein required for degradation of G 1 cyclins (2, 58), shows partial stabilization of Pcl5-Myc 13 (Fig. 7B) . This result suggests that the NDS of Pcl5 is recognized by the SCF GRR1 ubiquitin ligase; in the absence of Grr1, other F-box proteins may partially stand in for it.
Role of Pcl5 Thr32 phosphorylation in the cellular response to amino acid starvation. Gcn4, the specific target of Pho85/ Pcl5, is normally rapidly degraded, but is stabilized upon star- (B) Degradation of Myc 13 -tagged Pcl5 expressed from its native promoter requires cyclin activity. Plasmids carrying the wild-type, 13-Myctagged Pcl5 (KB1739) or the inactive Pcl5 L158P (KB1740) were transformed into strain W303, together with either a plasmid expressing wild-type Pcl5 under the strong constitutive ADH1 promoter (KB1310) or a vector plasmid. Cells were grown at 30°C and treated as for Fig. 5A . Blots were reacted with both anti-Myc antibody (9E10) and anti-actin antibody. C, no-tag control.
VOL. 28, 2008 Pcl5 DOMAINS OF DEGRADATION AND SUBSTRATE SELECTIVITY 6865 vation for amino acids (37) . The observation that Pcl5 is itself an extremely unstable protein and that its levels drop dramatically in starved cells led us to propose that, by its very instability, Pcl5 functions as a sensor of biosynthetic capacity of the cell: disappearance of Pcl5 under starvation conditions causes stabilization of Gcn4 (56) . A prediction of this model is that mutational stabilization of Pcl5 should suppress physiological stabilization of Gcn4 in starved cells. We tested this prediction with the stabilized mutant Pcl5 T32A. As shown in Fig. 8A , in starved cells, Gcn4 degradation was partially inhibited, reaching a half-life of 10 min in cells expressing wild-type Pcl5 (compared to a half-life of 4 min in sated cells; see, for example, Fig. 1D ). In contrast, in starved cells expressing Pcl5 T32A, the half-life of Gcn4 was still about 5 min, on the order of the half-life of the protein in sated cells. This suggests that the high metabolic instability of Pcl5 is indeed important for the regulation of Gcn4 stability. Gcn4 is a key regulator of the cellular response to amino acid starvation (47) . We tested the effect of blocking Pcl5 Thr32 phosphorylation on the cellular response to amino acid starvation, by measuring the viability of cells expressing wild-type versus Thr32Ala-mutated Pcl5 in increasing concentrations of 3-aminotriazole (3AT), a histidinol analog that competitively inhibits histidine biosynthesis and is counteracted by elevation of Gcn4 activity (22) . We find that even in the absence of 3AT the PCL5 T32A strain grows more slowly in synthetic complete medium lacking histidine and that the growth defect of this strain is further exacerbated in increasing concentrations of 3AT ( Fig. 8B ; the derived 3AT 50% inhibitory concentrations were about 60 mM for the wild-type and pcl5⌬ strains and 22 mM for the T32A strain). Colony growth on histidine-lacking plates containing 30 mM 3AT visually illustrates the growth defect of the PCL5 T32A strain (Fig. 8B) . Thus, Thr32 phosphorylation is important for adequate cellular response to amino acid starvation.
DISCUSSION
Previous studies on cell cycle cyclins, their substrates, and inhibitors suggested that cyclins variously interacted with their substrates via N-terminal (14), C-terminal (26, 35) or cyclin box-located sequences (9, 54, 55) . Regarding Pcls, the recently determined structure of the Pho85/Pho80 complex indicates that the Pho80 consists of the core 5-helical cyclin box domain, and an additional ␣NT, as well as two C-terminal ␣-helices (␣CT1 and ␣CT2) (30). Huang et al. (30) provide evidence implicating the Pho80 ␣NT and ␣CT2 helices in substrate binding. The N-terminal deletions of Pcl5 described here indicated that the predicted ␣-NT helix region is in fact required for activity. However, a hybrid carrying helices 1 to 5 from Pcl5 and ␣-NT, as well as the C-terminal helices from Pho80 (80-5-80), functions as Pcl5. This suggests that for Pcl5, unlike the suggested model for Pho80, substrate interaction depends only on the core 5-helix cyclin box domain, whereas the ␣NT helix plays a distinct, perhaps structural, role. Studies with mammalian cyclin A and with S. cerevisiae Clb5 have pointed to a hydrophobic patch on helix 1 of the cyclin box as the site of contact with the substrate or inhibitor (9, 54, 55, 64) . Align- were transformed with a plasmid overexpressing Myc-tagged Gcn4 (KB1281) and with either a vector plasmid, a plasmid carrying wildtype PCL5 (KB1716), or a plasmid carrying PCL5(T32A) (KB1718). The cells were subjected to amino acid starvation for 45 min as previously described (37) . Gcn4 decay rate was measured by pulse-chase analysis followed by immunoprecipitation. (B) pcl5⌬ cells (KY827) transformed with either a vector plasmid, a plasmid carrying wild-type PCL5 (KB1716), or a plasmid carrying PCL5(T32A) (KB1718) were grown in synthetic complete medium lacking histidine, with the amino acid analog 3AT. The left panel shows the cell density after overnight growth in liquid medium with increasing 3AT concentrations (mean Ϯ the standard deviation of quadruplicate cultures). The right panel shows growth after 3 days on a 30 mM 3AT plate versus 2 days on a YPD plate. Initial analysis of the degradation signal of Pcl5 painted a complex picture: no single region, when deleted, completely stabilized the protein (our unpublished data), but the addition of C-terminal tags did cause significant stabilization of overexpressed Pcl5. The construction of Pcl5/Pho80 hybrids eventually revealed that Pcl5 contains two distinct degradation signals, an N-terminal, Pho85-dependent signal (NDS) that is active mainly at native levels of expression, and a CDS that is necessary for degradation of overexpressed Pcl5. The presence of two independent degradation signals in Pcl5 may correspond to two distinct Pcl5 pools in the cells: the Pho85-bound and free pools. The CDS is Pho85 independent and would be able to target free Pcl5. At native levels of expression, however, this signal is not essential because Pcl5 can be degraded by the Pho85-dependent, NDS.
Degradation of cell cycle cyclins is dependent on the ubiquitin pathway (21) . Since the CDS and NDS do not resemble known cyclin degradation signals, i.e., the APC/cyclosome-dependent destruction box of the mitotic cyclins or the SCF complex-dependent phosphorylated CDSs of G1 cyclins (52, 63), we were interested to identify the degradation systems that recognize those new signals. Regarding the CDS, although we did find that degradation of overexpressed Pcl5 depends on the proteasome (our unpublished data), we were unable to identify ubiquitin pathway mutants that are defective in CDS-dependent degradation. In contrast, we found a strong reduction in NDS-dependent degradation in the SCF mutant cdc53-1 and in the SCF-associated E2 mutant cdc34-2, even under the semipermissive conditions used (30°C), which still allow normal cellular growth and proliferation. All known F-box proteins, representing the substrate recognition subunit of the SCF ubiquitin ligase, were also screened; a partial stabilization was only observed in a strain lacking Grr1, the F-box protein involved in degradation of the G1 cyclin Cln2 (2, 58) . Thus, although the possibility that these mutants indirectly affect Pcl5 turnover cannot be entirely dispelled, our results suggest involvement of the SCF ubiquitin ligase, including possibly the Grr1 F-box protein, in targeting the Pcl5 NDS.
We were able to delimit the CDS by deletion analysis to the last 50 amino acids of the protein. The last 25 amino acids did confer instability, but much less than the larger sequence. Interestingly, we find that this signal is inactivated when the C terminus is blocked with the addition of an epitope tag, suggesting that the extreme C terminus is an important part of the signal. We cannot exclude that the actual sequence recognized by the degradation apparatus is much smaller than 50 or even 25 amino acids, but that the extended sequence is required for proper stereochemical configuration of the degradation signal. The role of the CDS is presumably to prevent accumulation of non-Pho85 bound Pcl5 in the cell. Inhibition of the CDS by C-terminal epitope tagging did not show a significant effect on Gcn4 regulation, at least not under conditions of amino acid limitation by addition of the analog 3AT (our unpublished data). Thus, under the conditions tested, the NDS appears to play the dominant role in Pcl5 regulation.
The Pcl5 NDS includes a threonine residue at position 32, which is phosphorylated in the presence of Pho85. We were able to dissociate between degradation via the NDS and the CDS by epitope tagging the C terminus of the protein, thereby inactivating the latter signal. At native levels of expression, Thr32 becomes essential for degradation of Pcl5. The concentration independence of the kinetics of Thr32 phosphorylation in vitro, and the significant stabilization of the inactive mutant L158P in vivo, coupled with the inability to restore degradation of the mutant cyclin by overexpression of wild-type Pcl5 in the cell, together indicate that Thr32 is phosphorylated via a cis mechanism, i.e., by the Pho85 molecule that it activates. This mechanism implies that activation of the kinase by Pcl5 is self-limiting: once activated, the CDK will cause phosphorylation of Pcl5 and, once phosphorylated, Pcl5 is subject to rapid degradation. The observation that phosphorylation of a cyclin by its cognate CDK causes its degradation has been made before: degradation of the G1 cyclins Cln3 (66) and Cln2 (38) both depend on phosphorylation on a CDS by their cognate CDK, Cdc28. However, the C-terminal domain of Cln3 alone, in the absence of the cyclin box domain, is phosphorylated and degraded in the presence of active Cdc28 (66) , and the Cterminal domain of Cln2 can serve as a portable degradation signal in the absence of the cyclin box domain (5) . This implies that in both cases phosphorylation can occur in trans, on molecules not bound to the CDK. In contrast, the dependence of Pcl5 degradation on the activity of the cyclin implies a direct link between activation of the CDK and phosphorylation of the bound cyclin, i.e., a cis self-catalyzed phosphorylation. This mechanism is supported by the 0th-order reaction kinetics measured in vitro (Fig. 5) .
In order to visualize the structural implications of the cisphosphorylation model, the structure of Pcl5 complexed with Pho85 was predicted, based on the resolved Pho85-Pho80 structure (see Materials and Methods). In this predicted structure (Fig. 9 ), Thr32 (red spheres) is found at a significant distance (ca. 40 Å) from the Pho85 catalytic cleft (which is located underneath the bound ATP). It should be noted that the extreme N terminus of the depicted Pcl5 sequence-residues 26 to 40 (shown in red)-could not be modeled due to limited homology to Pho80, and furthermore, the whole N terminus of Pcl5 (residues 1 to 40) is predicted to be disordered (31) . However, even assuming significant extension of the disordered region toward the Pho85 catalytic cleft, the distance may be too large to be bridged without additional conformational changes in the N terminus, e.g., rotation around one of several hinges that are predicted (17) to occur in the N-terminal helix (light green). The notion of a requirement for a significant conformation change in order to allow Thr32 phosphorylation is in agreement with the relatively slow kinetics of the reaction even after the Pho85-Pcl5 complex is formed (Fig. 5) .
The cis versus trans mechanisms have important implications with regard to the kinetics of the phosphorylation reaction in vivo. In the trans case, the rate of phosphorylation is dependent on the square of the cellular concentration of the cyclin-CDK complex. Thus, for cyclically expressed cyclins, protein concentration may be allowed to build up until a certain threshold is VOL. 28, 2008 Pcl5 DOMAINS OF DEGRADATION AND SUBSTRATE SELECTIVITY 6867 reached, beyond which phosphorylation and degradation are greatly increased. In contrast, in the cis case, phosphorylation and degradation are only dependent on the rate of complex formation with the CDK, ensuring that the active cyclin-CDK complex has a limited lifetime at all levels of cyclin. This mechanism may be essential to ensure the degradation of a cyclin like Pcl5, which is normally present at very low levels. We had previously suggested that high turnover of Pcl5 is important for the regulation of Gcn4 stability: the high metabolic instability of Pcl5 causes it to rapidly disappear from the cells under starvation conditions, leading to stabilization of Gcn4 (56) . This model predicts that stabilization of Pcl5 should cause constitutive degradation of Gcn4. Recently, an alternative model was proposed, that the Pho85-Pcl5 interaction is reduced under starvation conditions, via a mechanism that remains to be elucidated (6) . Here, we tested the prediction that metabolic instability of Pcl5 is important for the proper response to amino acid starvation conditions, by measuring the stability of Gcn4 and 3AT resistance in cells expressing the PCL5(T32A) allele. These responses are indeed defective in the presence of the mutant allele, providing support for the former model. The mechanism of self-catalyzed phosphorylation of the Pcl5 cyclin, implying a self-contained timing mechanism for its own demise, buttresses the suggested role of Pcl5 as sensor of the biosynthetic capacity of the cell within the pathway of regulation of Gcn4 turnover.
The mammalian CDK5 activator p35, the structural homolog of Pho80 and, presumably, of Pcl5, is rapidly turned over in a manner dependent on CDK5 activity (50) . N-terminal truncation of p35 yields a stabilized, hyperactive protein species, p25, that is associated with several neurodegenerative diseases (50, 51 ; reviewed in reference 12). Here, we identified a Pho85 phosphorylation site in the N terminus of Pcl5 that causes degradation of the cyclin and is necessary for adequate response to amino acid starvation. We propose that homologous mechanisms, including phosphorylation in cis by the cognate CDK, may keep the activities of Pcl5 and of the cyclin-like protein p35 in check. FIG. 9 . Predicted Pcl5-Pho85 structure. The model includes the Pho85 structure (2pmi [30] ) and Pcl5 (residues 26 to 189) modeled after Pho80 (see Materials and Methods for the modeling protocol). Pho85 is colored in yellow, and the ATP analogue ATP-␥-S is depicted as blue spheres. The Pcl5 cyclin box domain (residues 75 to 189) is colored dark green, the N-terminal domain including helix ␣NT (residues 41 to 74) is colored light green, and residues 26 to 40, predicted to be disordered, are colored red. Thr32 is shown as red spheres. The image was produced by using the Chimera package (University of California at San Francisco). 
